Abstract: We present a four-band and polarization-insensitive terahertz metamaterial absorber formed by four square metallic rings and a metallic ground plane separated by a dielectric layer. It is found that the structure has four distinctive absorption bands whose peaks are over 97% on average. The mechanism of the four-band absorber is attributed to the overlapping of four resonance frequencies, and the mechanism of the absorption is investigated by the distributions of the electric field. In particular, the frequency of each absorption peak can be flexibly controlled by varying the size of the corresponding metallic ring. The proposed concept is applicable to other types of absorber structures and can be readily scaled up to the structures that are working in the microwave frequency range. Moreover, the characteristic of the design can be used to design a five-band metamaterial absorber by adding one more metallic ring. The proposed absorber has potential applications in detection, imaging, and stealth technology.
Introduction
Metamaterials, with a subwavelength-scale unit cell, have attracted significant attention because of their exotic properties that are unavailable in nature, such as invisibility cloaking [1] , perfect lensing [2] , and negative index of refraction [3] . Split-ring resonators [4] , [5] , fishnet structures [6] , cut-wire pairs [7] , and other stereostructures [8] have been proposed for landmark predictions of metamaterial theory. Since most proposed metamaterials are metallic resonant structures and rely on strong resonances, the absorption losses are inevitable. The existence of the losses degrades their performance. For an artificial light absorber, however, the absorption loss becomes useful and could be significantly enhanced by proper design of the structure.
The first perfect metamaterial absorber, having the measured absorptivity of about 88%, composed of a metallic split ring and a cut wire separated by a dielectric layer was demonstrated by Landy et al. [9] . Since then, metamaterial-based perfect absorbers have received considerable attention, and a great number of absorbers have been proposed [10] - [13] . Owing to the ability to achieve unity absorption to incident electromagnetic wave, the metamaterial absorbers show important applications in many areas, such as spectroscopic detection, phase or thermal imaging, micro-bolometers and solar cells.
Actually, the development of the perfect absorber is especially attractive at terahertz regime where it is different to find naturally occurring materials with strong absorption. Such absorbers could clearly be of use for security, imaging systems and thermal detectors etc. Several efforts have been made on terahertz metamaterial absorbers to achieve perfect absorption. For example, Tao et al. [14] achieved an absorptivity of 70% at 1.3 THz. Landy et al. [15] obtained a polarization insensitive absorber with an absorptivity of 77% at 1.15 THz. Shchegolkov et al. [10] demonstrated a wide-angle terahertz absorber at 1.0 THz. Unfortunately, all these efforts share the common shortcoming of narrow absorption bandwidth, which greatly hampers their practical applications. Subsequently, some improvement works were followed to make the terahertz absorber operate at dual-band and triple-band absorptions [16] - [20] . In addition, some efforts have been made towards the development of broadband metamaterial absorbers by stacking multiple layers of metallic resonators in a unit cell [21] - [24] .
However, in many cases, such as Terahertz spectroscopic imagers and deters, an absorber with multi-narrowband is required. Unfortunately, the multi-narrowband especially four narrowband terahertz metamaterial absorbers are seldom reported. Very recently, a significant advancement in designing the four narrowband terahertz metamaterial absorber based on microwindmill array was demonstrated by Cao et al. [25] . However, the proposed structure suffers from some disadvantages: First, the absorption performance of the proposed structure is sensitivity to polarization of the incident wave, which greatly hampers their practical applications. Second, the non-straight surfaces of the fan structures of the metal-microwindmill make their fabrication quite troublesome, in particular at higher frequencies such as terahertz, infrared and visible regions. Finally, and most importantly, it is difficult to further increase the number of the absorption peaks by using the microwindmill structure. Therefore, it is urgently necessary to present a multi-narrowband, polarization-insensitive, and easy to fabricate and to extend the absorption peak number terahertz metamaterial absorber.
Herein, we propose a four-band polarization-insensitive terahertz metamaterial absorber formed by four different sized square metallic rings and a metallic ground plane separated by a dielectric layer. It is found that the proposed structure has four distinctive absorption bands whose peaks are average over 97%. The absorption mechanism for the four-band absorber originates from the overlapping of four different resonance frequencies. The independence of polarization can be attributed to the fourfold rotational symmetry. In particular, the resonance frequency of each absorption peak can be flexibly controlled by varying the size of the corresponding metallic ring, and the proposed absorber is easier to be fabricated by electron-beam lithography (EBL) or focused ion-beam milling (FIB) than previous structures. The proposed concept also applies to other types of absorber structure and can be readily extended to other frequency regimes for a host of applications such as detection, imaging and solar cells. Moreover, this characteristic of the design can be used to extend the number of the absorption peak (for example five-band metamaterial absorber) by combing more square rings of different sizes together. Such a simple device may provide a desirable absorption method and operation to select frequency band in the Terahertz and microwave regimes and, thus, lead to most practical applications.
The proposed metamaterial absorber consists of four patterned square metallic rings and a metallic ground plane separated by a dielectric layer, as shown in Fig. 1 . The repeat period is
The wire width of the four rings is fixed at w ¼ 2 m, and the lengths of the four rings are l 1 ¼ 64 m, l 2 ¼ 48 m, l 3 ¼ 36 m, and l 4 ¼ 27 m, respectively. The thickness of the dielectric layer is set to 16 m in order to optimize the impedance matching of the air-structure interface, and then, the thickness of the metal (Au) is 0.4 m with a frequency independent conductivity of ¼ 4:09 Â 10 7 Sm À1 . The computational model and suitable boundary conditions as well the dielectric material that we assumed in our simulations are available in [23] . Fig. 2(a) shows the calculated absorption spectra of the proposed four-band terahertz metamaterial absorber. As shown in the red line of the Fig. 2(a) , the absorption spectra consists of four discrete absorption peaks located at the frequencies of 0.777 ðf 1 Þ, 1.13 ðf 2 Þ, 1.53 ðf 3 Þ, and 2.06 THz ðf 4 Þ with the absorption coefficients of 99.41%, 97.53%, 99.06%, and 95.59%, respectively. The absorption bandwidths, defined as the full width at half maximum (FWHM), are 0.14, 0.13, 0.15, and 0.18 THz for modes f 1 , f 2 , f 3 , and f 4 , respectively, and the off-resonance absorption is very small. These calculated results indicate a strong frequency selectivity of the perfect four-band absorber due to the narrow absorption bandwidth. Furthermore, the calculated results for different polarizations are shown in Fig. 2(b) . As shown in the figure, the proposed four-band absorber is polarization insensitive with respect to the incident electromagnetic wave. This is attributed to the high degree of symmetry of the resonance structure.
Simulation Results and Discussion
In order to reveal the origin of the four narrowband absorption peaks, we simulated another four absorber structures with single square rings only for comparison: the length of l 1 square ring absorber (R1), the length of l 2 square ring absorber (R2), the length of l 3 square ring absorber (R3), and the length of l 4 square ring absorber (R4). The period and the thickness of the dielectric slab are the same in all cases. As shown in Fig. 2(a) , single absorber structures R1, R2, R3, and R4 have a single resonance absorption peak located at frequencies of 0.767, 1.10, 1.52, and 2.07 THz, respectively. It is revealed that the four-band absorption is contributed to the absorption of the single absorber structures R1, R2, R3, and R4. The slight difference in the resonance frequencies results from the weak coupling between neighboring metallic rings, and we can see clearly those weak interactions in the distribution of the electric field in Fig. 3 . To gain a better understanding of the multi-band absorption mechanism, we give the calculated electric field (jE j, in the center plane of the patterned metallic array) distributions corresponding to four absorption maximums (f 1 , f 2 , f 3 , and f 4 ) in Fig. 3 . As shown in Fig. 3(a) , at 0. 777 THz the incident terahertz radiation is mainly trapped in the length of l 1 square metallic ring. The resonance at 1.13 THz is primarily associated with excitation of the length of l 2 metallic ring, while the resonances at 1.53 and 2.06 THz are mainly a consequence of excitation of the lengths of l 3 and l 4 square metallic rings, respectively. Furthermore, according to the LC circuit model, the frequency of the metamaterial is given by [21] , [26] :
, where l is the length of the square metallic ring. From this equation, we can see that the frequency of the absorber is inversely proportional to the length of the patterned structure. As shown in Fig. 1(b) , the length of the l 1 , l 2 , l 3 , and l 4 decreases gradually; thus, the frequencies f 1 , f 2 , f 3 , and f 4 increase accordingly. Obviously, the mechanism for the four-band absorption originates from the overlapping of four different positioned resonance frequencies.
Furthermore, the dependencies of the resonant frequencies on the geometric parameters are studied to verify the explanations of the absorption mechanism. As discussed above, the resonance frequency of the metamaterial absorber mainly depends on the length of the patterned metallic array. Thus, with the other geometric parameters fixed, the change of the length of the patterned metallic ring can nearly determine the resonance frequency of the absorption peak accordingly, while the frequencies of other modes should be nearly fixed. Fig. 4(a) and (b) show the influence of the lengths of the l 1 and l 4 on the resonance frequencies and absorption coefficients, respectively. It is obvious that as the l 1 is increased, f 1 becomes small while the modes f 2 , f 3 , and f 4 are nearly fixed [see Fig. 4(a) ]. For the change of the l 4 , the f 4 gradually increases with the decrease of the length of the l 4 , while the changes of the other absorption peaks (f 1 , f 2 , and f 3 ) are neglected [see Fig. 4(b) ]. Similarly, for the changes of the l 2 and l 3 , the change trend of the modes f 2 and f 3 should be consistent with the case of the modes f 1 and f 4 (not shown here). Obviously, the changes of the l 1 and l 4 provide the ability (or give a considerable freedom) to shift the frequency of the resonance absorption peak. Although our approach is presented using the symmetric square rings structure, it is a genetic method and can also apply to other type structure designs. Here, we employ the rings structure as an example. The unit cell of the proposed absorber is shown in Fig. 5(a) , the optimal parameters of the unit cell are followed in micrometers: and l 4 ¼ 30, w ¼ 2. The conductivity of the metal (Au), the thickness and dielectric constant of the dielectric are the same in the square ring absorber. Fig. 5(b) shows the calculated absorption spectra of the proposed absorber structure. It is obvious that the absorption spectra consists of four discrete resonance absorption peaks located at the frequencies of 0.853, 1.23, 1.53, and 2.23 THz with the absorption coefficients of 96.93%, 97.76%, 98.63%, and 98.30%, respectively. Furthermore, according to the distributions of the electric field in the center plane of the patterned metallic ring array [see Fig. 6(a)-(d) ], it is obvious the proposed four-band metallic ring absorber originates from the overlapping of four different positioned resonance frequencies. Therefore, the proposed metallic ring structure is suitable for designing the four-band terahertz metamaterial absorber.
In fact, the proposed concept can be realized at lower frequencies by changing the dimensions of the absorber. For a typical example, we can give a design in the microwave range. Similar to the structure design of the Fig. 1(b) , the dielectric layer is simulated with electric permittivity " ¼ 4:1 and loss tangent tanðÞ ¼ 0:03 [27] , and the metallic layers are modeled as lossy copper with an electric conductivity of 5:8 Â 10 7 Sm À1 and the thickness of 0.2 mm. The unit cell of the proposed structure is shown in Fig. 5(c) , and the optimal geometric parameters of the structure are followed in millimeters: Fig. 5(d) shows the calculated absorption spectra of the proposed absorber structure. It can be seen from Fig. 5(d) that the proposed structure has four distinctive absorption bands (located at frequencies of 3.54 ðf 1 Þ, 6.15 ðf 2 Þ, 8.42 ðf 3 Þ, and 12.9 ðf 4 Þ GHz, respectively) whose peaks are average over 97%. To gain a better understanding of the multi-band absorption mechanism, we give the calculated electric field (jE j, in the center plane of the patterned metallic array) distributions corresponding to four absorption maximums (f 1 , f 2 , f 3 , f 4 ) in Fig. 6 (e)-(h). As shown in Fig. 6(e) , at 3.54 GHz the incident electromagnetic wave is mainly associated with excitation of the length of l 1 square metallic ring. The resonance at 6.15 GHz is primarily trapped in the length of l 2 metallic ring, while the resonances at 8.42 and 12.9 GHz are mainly a consequence of excitation of the lengths of l 3 and l 4 square metallic rings, respectively. Therefore, the proposed square rings structure is appropriate for designing the four-band microwave absorber. Fig. 6 . Distributions of the electric field (jE j, in the center plane of the patterned metallic ring) for the proposed terahertz absorber at frequencies of (a) 0.853 THz, (b) 1.23 THz, (c) 1.53 THz, and (d) 2.23 THz, respectively. Distributions of the electric field (jE j, in the center plane of the patterned square metallic ring) for the proposed microwave absorber at frequencies of (e) 3.54 GHz, (f) 6.15 GHz, (g) 8.42 GHz, and (h) 12.9 GHz, respectively.
The proposed four-band absorber structure can also used for sensor applications by adding a dielectric layer on the top of the absorber. Fig. 7(a) shows the results of the simulations for different thickness of the over-layer. As shown in Fig. 7(a) , it is obvious that the four resonance frequencies are all blue-shift with the increase of the over-layer thickness. The shift of the resonance frequency can be attributed to the change of the capacitance of the absorber structure. The increase of the over-layer thickness leads to the increase capacitance, and thus, the frequencies of the absorber decrease gradually with the increase of the dielectric layer thickness [28] . Hence, the proposed structure can be used as a pressure sensor beside the absorption applications.
To increase the number of the resonance absorption peak in the superposition of several sets of different sized square ring patterns, we also design and optimize the five coplanar square rings structure. The length of those five square rings is set to l 1 ¼ 64 m, l 2 ¼ 48 m, l 3 ¼ 36 m, l 4 ¼ 27 m, and l 5 ¼ 18 m (from outer ring to inner ring), respectively, and the wire width of each ring is w ¼ 2 m. The period and the thickness of the dielectric slab are the same as those used in Fig. 1 . The simulated absorption spectra of the five square rings absorber structure is presented in Fig. 7(b) . As shown in Fig. 7(b) , the proposed absorber has five resonances at 0.771, 1.13, 1.53, 2.05, and 2.91 THz with the absorption coefficients of 99.11%, 92.40%, 96.31%, 99.86%, and 99.59%, respectively. The calculated result shows that the proposed absorber gives a considerable freedom (or provides the ability) to add the number of the absorption peak by combing more square rings of different sizes together. Particularly, the polarization insensitive absorption characteristic is still valid for the five-band situation due to the high degree of symmetry of the five square rings structure [see Fig. 7(b) ].
Conclusion
In conclusion, we present a four-band polarization insensitive terahertz metamaterial absorber formed by four square metallic rings and a dielectric layer on top a metallic ground plane. Four distinct absorption peaks are found at 0.777, 1.13, 1.53, and 2.06 with the average absorption over 97%. The four patterned square metallic rings resonating at different frequencies results in the four-band absorption and understanding of such a multiple absorption mechanism is illustrated by investigating the electric field distributions at those four resonance frequencies. An equivalent LC resonant circuit model is employed to analyze the origin of the absorption performance. The concept is applicable to other types of absorber structure and can readily be scaled up to the structures that are working in the microwave frequency range. A further increase of the number of the absorption peak is possible by increasing the number of the square metallic rings (for example, five distinct absorption peaks are found at 0.771, 1.13, 1.53, 2.05, and 2.91 THz when the number of the rings is 5). The proposed multi-band terahertz metamaterial absorber has potential applications in detection, imaging, and stealth technology. 
